Experimental values of the dielectric constant of water suggest that, for temperatures greater than 400 K, the integral in the Kirkwood dielectric-constant equation, which involves the intermolecular potential function, is a simpler function of temperature and pressure than of temperature and density. An equation has been fitted to values of this integral calculated from experimental values of the dielectric constant for temperatures from 238.15 K to 823.15 K and to pressures of approximately 500 MPa for temperatures greater than 273 K. The equation for E thus has explicit variables T, p, P and gives a good representation of the available experimental results. The quality of representation of the experimental results has been compared to that of previous correlations of the dielectric constant. The new equation is applicable through wider regions of imlepenuent variables than the previous equations and is capable of sufficient accuracy to provide values of Debye-Hiickel limiting law slopes which are as accurate as the experimental results allow. Values of Dehye-Hiickel limiting-law slopes are tabulated.
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Introduction
The quantitative description of the energetics which exist between charged particles requires a quantitative description of the electrostatic permittivity of the medium in which the charges are immersed. It is often customary to express a medium's permittivity as relative to that of a vacuum. This leads to the common description of the static dielectric constant, E, or relative permittivity. Many of the theories, or models used to represent J. Phys. Chern. Ref. Data, Vol. 19, No.2, 1990 or simulate the physical or thermodynamic properties of electrolyte solutions invoke the assumption that the solvent may be described as a dielectric continuum. When applied to thermodynamic properties of electrolyte solutions, the most often used theory from this group is that of Debye and Hucke!.
The combinations of the ubiquity of aqueous electrolyte solutions and the importance of the Debye-Hiickel theory in describing the concentration dependence of thermodynamic properties at concentrations approaching infinite dilution lead to an equal importance of having the best possible representation of experimental measurements of the dielectric constant of water as a function of the independent variables. It is important to realize that within the context of treating the concentration dependence of experimentally measurable thermodynamic properties, i.e., the "excess thermodynamic properties," I an aceptable representation of the dielectric constant of water must give not only a good representation of the experimentally observed dielectric constants. but must also give acceptable values of the first and second derivatives of the dielectric constant with respect to temperature and pressure. Table I gives the relation of the Debye-Hiickel limiting law slopes for the activity and osmotic coefficient and for the commonly measured apparent molar properties (within the Bradley and Pitzer 2 definitions), to the relative permittivity and volumetric properties for water. Because experimental measurement of the concentration dependence of thermodynamic properties are rarely performed at constant volume, the derivative of the dielectric constant with respect to volume does not appear in Table I .
Previous representations of the dielectric constant measurements for water, over wide ranges of temperatun:: (lml V1t:s8urt:, have generally fallen into two categories; namely, the dielectric constant has been expressed either as a function of temperature and pressure or as a function of temperature and water density, p. The work of Bradley and Pitzer 2 is the most often cited example of the first case, whereas the equation of Uematsu and Franck 3 is a recent example of the second case.
Each of the two particular forms of representation has advantages and disadvantages. The temperature derivative of the dielectric constant of water along isochores, (aE/ aT) v' near the critical volume, remains finite through the critical point of water. Along isobars near the critical pressure the temperature derivative, (aE/aT) P' exhibits large values which approach an infinity as the critical point is approached. This behavior might appear to make the T, p representation of the dielectric constant the simpler of the twu methuds fOl all equatio1l that represents the dielectric constant in near-critical and super-critical water. However, the T, p representation requires a transformation of independent variables from those usually measured, namely temperature and pressure. This particular transformation of variables requires a representation of the volumetric properties of water. The equation of state used for the transformation of variable must represent the volumetric properties of water as faithfully as possible. The derivatives of the density of water calculated from the equation of state must also be as Ay e 3 (27TNAP)I12(4'1TEEokT)-3/2 Aq, e 3 (2'1TNAP)1I2(4'1TEEokT)-3/2/3 Av -2Aq, RT[3(aE/ap) 
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AH -6Aq,RT[1 + T(aE/aT)p/E + T(ap/aT)p/3p] apparent molar compressibility AK apparent molar heat capacity Ac (aAv/aph (aAH/aT) p at constant pressure ae is the charge of an electron, 1.6021773E-19 e and Eo is the permittivity of vacuum, 8.8541878E-12 e 2 ]-lm-l. accurate as possible, since the derivatives of the dielectric constant depend upon these quantities. Uncertainty in the Debye-Hiickellimiting law slopes due to errors in the calculated temperature and pressure derivatives of the density of water thus become magnified. Additionally, it is well known that (ap/aT) p changes sign near 277 K (0.1 MPa), the precise temperature being dependent upon the pressure, whereas (aE/ aT) p does not.
In addition to the above differences inherent in the choice of T, p and T, p as variables for representations of the dielectric constant, differences in the data chosen for fitting, the weighting of the fitted data, and the range of T, p variables over which data were fitted affect representations of the experimental results. Therefore it is not surprising that differences in Debye-Hiickellimiting law slopes are found when they are calculated using different representations of the dielectric constant for water. The effect of Debye-Hiickel limiting law slopes obtained . from the Bradley and Pitzer 2 equation and from the Uematsu and Franck 3 equation on calculated thermodynamic properties has been noted elsewhere.4-8 Previous work 9 ,lO noted the differences in Debye-Hiickellimiting law slopes that resulted from the use of the dielectric constant equations ofUematsu and Franck 3 and of Bradley and Pitzer. 2 Each recommended one or the other of the equations for use. OnelO recommended usc of thc cquation of Ucmatsu and Franck 3 bascd on thc acceptance of that equation by a committee of an international organization (I.A.P.S.). The other 9 recommended use of the Bradley and Pitzer 2 equation, in part, because values calculated from their equation were closer to values recommended by a committee of another international body (I.U.P.A.C.) for the temperature range of 273.15 to 333.15 K. The needs of researchers examining electrolyte solution properties outside the range of temperature of 273. 15 -373.15 K were not considered in the recommendation of Ref. 9. The most important criterion for recommending a particular dielectric-constant representation as preferable to another is the ability of a particular equation to represent the best available data and to do so with acceptable values of derivatives. Both of the references 9 ,lO made some inter-comparison of the two equations. However, neither reference described agreement of the dielectric-constant equations with the experimental results.
The present work addresses some of these problems. A new representation of the dielectric constant of water from 238.15 to 823.15 K is reported. Careful attention has been given to the first and second derivatives of this equation so that it would provide values of the Debye-Hiickel limiting law slopes that would be as reliable as the presently available experimental values of the dielectric constant permit.
Representation of Experimental Results

Kirkwood Equation for Dielectric Constant of a Fluid
In 1939, Kirkwood ll related the effect of intermolecular interactions on the dielectric constant of a fluid. The equation given by Kirkwood was:
and where E is the dielectric constant, a is the molecular polarizability, Vm is the molar volume, NA is Avogadro's constant, JL is the molecular dipole moment of an arbitrary molecule in the fluid, p, is a local dipole moment in a small region of fluid about the arbitrary molecule and from which reactive-field contributions have been removed, /-L is the dipole moment of the molecule in the absence of all electric fields. Within the integral, y is the angle between dipole moments of an arbitrary pair of dipoles; and W is the potential of average force acting on the arbitrary pair of molecules. T, k and 7T have their usual meanings.
The quantity JL.p, in Eq. (1) is often replaced with a g /-L 2 and the g is identified as the "Kirkwood correlation factor" (/-L is the scalar of the gas-phase dipole moment). For simplicity, substitution of g /-L 2 for JL.p, will also be uscd in thc currcnt work. In some of the applications of Eq. (1) to experimental results Eq. (1b) does not appear. Equation (1 b) is important to the present work.
In principle, the dielectric constant of a fluid can be calculated with a sufficiently refined intermolecular potential of the fluid molecules and Eq. (1). Because of the difficulties inherent in such a calculation, recourse must still be made to empirical representations of experimental results, at least for the present time. Equation (1) was used in the present work for the representation of the dielectric constant of water. The task is one of finding a suitable function that replaces the integral of Eq. (1).
In absence of applicable theory the choice of dependent variables for this function is a matter of convenience. Figure la and Ib show the integral portion of Eq. (1), calculated as (g -1)/ P from the data of Heger et al. 12 against T and p and against T and p, respectively. As water density approaches zero the error in (g -1)/ P resulting from error in E is magnified. This produces a large degree of scatter in these figures at low pressure and high temperature ( Fig. la ) and low density ( Fig. 1 b) .
3. 00 Some of the experimental values of (g -1)/ p, those at the lowest densities, have values which fell well outside the range of the figure. These unrealistic values of (g -l)/p were omitted from Figs. la and lb. A linear function: J. Phys. Chern. Ref. Data, Vol. 19, No.2, 1990 (g -1)/ P = bo + blP (2) was fitted to each isothermal set of experimental results for temperatures greater than 373.15 K. In all cases the experimental results were represented to within the authors' stated experimental error by the fitted Eq. (2). A linear relation in p did not fit to the results within experimental error. The experimental results indicate that the integral of Eq. (1) is a simpler function of T and p than of Tand p, within experimental error. Values of (g -l)/p calculated from the recent measurements of Deul,13 for temperatures greater than 373.15 K, also exhibited a linear pressure behavior. However, the slopes and intercepts obtained from fitting to Deul'sI3 measurements are significantly different from those obtained from fitting to Heger et al.'s12 values. In terms of molecular level interactions, contributions to the dielectric-constant behavior arise from nondipole-induced polarization. dipole-induced polarization. and rotational restrictions due to dipole-dipole alignments (hydrogen-bonding in water is one example of the latter). These effects all contribute to a local electric field that is oriented in a direction opposing the externally applied field. These effects enter into Eq. (1) through the intermolecular potential function, W. For water, the dipole-dipole alignments (hydrogen-bonding) are a significant contribution to the dielectric constant for the temperatures of interest here. In order to mimic the effect of water hydrogen-bond formation in the integral of Eq. (1), an exponential term was included in the equation fitted to (g -l)/p. The purpose of this term was to provide a Boltzmann-like change in extent of hydrogen-bonding of water with respect to tcnlpcraturc and pressure. A multiplicative function of this exponential (e.g. a constant, etc.) was assumed to be able to be subsumed into the exponential. The equation fitted to the values of (g -1)/ P was:
where the b i were the adjustable parameters and pO = 1000 kg m-3 . Equation (1) (3) to temperatures somewhat smaller than those of the fitted results will probably produce unrealistic effects and thus should be avoided. Equation (3) was fitted to the values of (g -1)/ P obtained from the experimental results by means of a nonlinear least-squares fitting procedure. The least-squares estimated hi are given in Table 2 . The equivalent of weighting factors were calculated from estimated errors assigned to each data set. An error in (g -1)/p, (F, was calculated from the estimated error in E, (F exp' assigned to each set of experimental results. The weighting factor is defined as 1/ (F2. The values of (Fexp are found in Table 3 . The choice of fitting function is not unique. Values of the static dielectric constant and of Debye-Hiickel limiting law slopes, calculated from Eqs. (1) and (3), are given in Tables 4 through 9 (found at the end of the paper). JL = 6. 1375776 X 10-30 C·m; N A = 6.0221367 X 10-23 mol-\ k = 1.380658 X 10-23 j·K-I ; molecular mass of water = 0.0180153 kg·mol-I .
Equation of state of water
Early in the present work it became apparent that the dependence of p on T and p calculated from certain equations of state was introducing unacceptable behavior into the temperature and pressure derivatives of the dielectric constant calculated from some of the trial fitted equations. Figure 2 shows values of (o2p/ap2)r against pressure for 273.15 K calculated from three equations of state. 14-16 Also shown in Fig. 2 18 Ter Minassian showed that the pressure dependence of his expansivities were in excellent agreement with the temperature dependence of Kanno and Angell's43 compressibility results. The two solid lines in Fig. 3 indicate an experimental uncertainty of ± 2%. Figure 3 shows that the equation of Hill 16 gave the best agreement with Ter Minassian's values, for these conditions. Agreement between Ter Minassian's values and those calculated from Hill's equation becomes somewhat less satisfactory as pressure increases along isotherms.
As a result of these comparisons, and others, the equation of Hill 16 was used for the present work for temperatures above 250 K. At temperatures less than 250 K and for p of 0.1 MPa the equation of Speedy and Ange1l 19 was used to calculate the density of water. The effect of substitution of a different equation of state for calculation of Debye-Hiickellimiting law slopes is described in a later section.
Comparison of Fitted Equation with Experimental Results
Results from several experimental studies were included and/or considered for the final least-squares minimization. The experimental studies and their respective temperature and pressure ranges are listed in Table 3 . For convenience of description, the fitted results are considered in three groups each of which spans a different range oftemperature, namely, T < 273.15 K, 273.15 K< T < 370 K and T>370K.
T < 273.15 K
Four sets of experimental studies were considered for water at temperatures less than 273.15 K and O. I MPa, i.e. supercooled water. Hasted and Shahidi 20 and Hodge and AngeU 21 measured the dielectric constants of emulsions of water in an inert external phase. In both cases an emulsifying agent was also present. The authors' estimated error for both sets of results was 2 to 3%. This uncertainty was primarily related to separation of the dielectric constant for water from the dielectric constant for the emulsion and to the possibility that some small percentage of the emulsified water droplets had frozen. This error is significantly larger than systematic calibration errors. Both sets of measurements agreed within this error. Hodge and Angell's21 values joined with the higher temperature values better than those of Hasted and ShahidUo Values of (aE/aT)p calculated from the two sets of lIleasun;mtmts were in guud agreement.
The results of Bertolini et al.24 and those of Rusche 30 for water below 273.15 K were obtained for pure water, i.e. the water was not present within an emulsion. Rusche's30 values are systematically too large over their entire range of temperature. However, the temperature dependence of his dielectric constant values is in excel- are, in general, significantly more accurate than for the other two temperature ranges. Figure 5 shows the difference of experimental results from the fitted equation for this temperature range and for 0. These differences occurred because the pressure dependence of the high temperature results, T > 370 K, does not match well with the re~ult~ at 338.15 and 343.15 K. Bradley and Pitzer 2 also observed the existence of this discrepancy. Above 370 K, the data considered by Bradley and Pitzer consisted only of the results of Heger et al. 12 The more recent results of VeuI 13 give pressure derivatives which are in poorer agreement with the low temperature results than are the pressure derivatives from Heger I1t al. ' s results. Therefore, these newer results have not helped to resolve the overlap problem.
T> 370 K
The difference between the fitted equation and experiment for pressures near the saturation pressure is shown against temperature in Fig. 9 . This figure shows that the temperature dependence of the results of Malmberg and Maryott 25 and of Dunn and Stokes 29 for temperatures less than 370 K also did not agree with the temperature dependence of the experimental results for temperatures greater than 370 K. For this reason the results of Malmberg and Maryott were given an insignificant weight in the fit to data. Figure 10 compares the experimental results of Heger et al., 12 Deul, 13 This difference can be seen to be systematic for pressures smaller than 300 MPa. Figure 11 shows results at 523. 15, 573.15 The results of Fogo et 01.36 span a very small region of temperature and pressure in the vicinity of the critical region of water. The root mean square deviation of their values from the fitted equation was 0.32. Fogo et al. 36 believed that an agreement with their values of 0.6 was good agreement. Figure 14 shows a comparison between the results of Fogo et 01.36 and Eqs. (1) and (3) for 650 K and against p. This temperature is within 3 K of the critical temperature. The results of Fogo et 01.36 have a tendency to be slightly smaller than values calculated from the fitted equation. This is in contrast to the tendency of the values of Heger et 01.12 to be slightly larger than the fitted equation for this range of density, as shown for
Some of the values of Lukashov et al. 37 yield values of g which are unrealistic. Thus. this data set was given no weight in the fit to data. The root mean square (r.m.s.) deviation for these results was 0.37, with residuals of increasing error with increasing density. The results of Gier and Y oung J8 tor 473 to 623 K were also given no significant weight in the fit to data. These results show a r.m.s. deviation of 1.45 from the equation. Deul 13 did not discuss the differences between his results and those of Heger et al. 12 or those at 298.15 K and large pressure. One suggestion for the differences from Heger et al. ' s results has been that there may have been significant corrosion in Heger et al. ' s apparatus. At tem-t\l co 2.0E-003 1. 5E-003 peratures near ambient the presence of ions in water lowers the dielectric constant of an aqueous ionic solution compared to water. Heger et al. ' s results are smaller than Deurs only for 373 and 473 K, temperatures for which corrosion effects would be expected to be smallest. Thus, it does not seem immediately apparent that the differences between DeuI's and Heger et al. ' s results was attributable to corrosion effects in Heger's apparatus.
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Comparison of Fitted Equation to Previous Equations
The dielectric-constant equation provided here is valid over a wider range of independent variables than the previous equations of Bradley and Pitzer, 2 Uematsu and Franck, 3 and Helgeson and Kirkham. 39 Additionally, Due to the large number of dielectric-constant measurements and the nature of the calibration errors associated with these measurements, it is not particularly informative to consider the agreement between previous correlations of the dielectric constant and the experimental results. All of the three previous dielectric-constant representations, which will be considered here, were able to reproduce the fitted dielectric-constant results to at least 0.5% for temperatures from 273.15 to 353.15 K. A more severe, but none-the-Iess useful, test of these dielectric-constant equations is the comparison of temperature -r-r-r-r-r Ru::; l: he:: and pressure derivatives to the range of values of these derivatives which can be reasonably supported by experimental results. Because the first and second derivatives of these equations with respect to temperature and pressure are important for the purpose of calculation of values uf the Debye-HUckellimiting law slopes (for some of the experimentally accessible properties), comparison of these derivatives is particularly appropriate. In this section, the range of values of the second derivatives with respect to temperature and pressure which could be supported by experiment are presented. These values were compared to values of the second derivatives of E calculated from the present dielectric-constant equation and some of those available in the literature. Values of the temperature and pressure derivatives of a response function can be calculated from an equation fitted to the response function. In principle, a standard deviation of these derivatives may also be calculated from the standard deviations of the parameters. if the model is linear in its parameters. However, the standard deviations of the derivatives are correct only if the response-function model itself is correct, i.e. if there exists no model bias. In order to avoid the possibility of standard deviations of these derivatives which could be misleading, a different method was applied for the present work. Appropriate sets of experimental results were fitted with more than one equation. Derivatives of the different fitted functions could then be compared to show the effect of model bias in the calculation of the derivatives.
The following two equations have been fitted to isobaric sets of experimental dielectric constants: (5) where Tr was selected as 273.15 K. These two equations were fitted to the 0.1 MPa experimental results of Owen et ai., j4 Dunn and Stokes 29 and Malmberg and Maryott. 25 Values of (a 2 €/aT2)p calculated from these fitted equations are shown in Figs. 15 and 16 . The results of Rusche, 30 Bertolini et al., 24 Hodge and Angell,21 and Hasted and Shahide o were fitted with the quadratic analog of Eq. (4). The scatter of the experimental results in these latter sets prevents determination of the cubic term ofEq. (4). The values of (a 2 €/aT2)p from these latter data sets are shown in the figures as constant values across the temperature range spanned by the measurements.
Values of (a 2 €/ap2)r were calculated from equations of the form:
(6) (7) fitted to the isothermal sets of experimental results of Srinivasan, 31 Dunn and Stokes, 29 and Lees. 28 The results J. Phys. Chern. Ref. Data, Vol. 19, No.2, 1990 of Srinivasan 31 and Dunn and Stokes 28 could not define values of the cubic term in pressure and thus the quadratic analog of Eq. (6) was fitted to these results. Eqs. (6) and (7) were also fitted to the experimental results of Heger et al.12 and Deul 13 for 373.15 K. Eqs. (2) and (7) were fitted to the experimental results for 473.15 K. The values of (a 2 E/ap2)T against temperature, for 0.1 MPa or the saturation pressure, calculated from these fitted equations, are shown in Fig. 17 . Also shown in Fig (1) and (3) against temperature for 0.1 MPa. Values from experimental sources were calculated as described in the text.
From Fig. 15 it is seen that, for temperatures less than 320 K and 0.1 MPa, values of (a 2 €/aT2)p calculated from the equations of Helgeson and Kirkham 39 and Uematsu and Franck 3 do not agree with the range of values supported by the experimental results. Values of (a 2 €/oT2)p calculated from the equation of Bradley and Pitzer 2 begin to disagree with the experimental values for T < 280K.
Debye-Hiickellimiting law slopes for apparent molar heat capacity at constant pressure, Cp . .p, for temperatures less than 265 K (0.1 MPa), calculated from Eqs. (1) and (3) are negative. These negative slopes result, in part, from the behavior of (o2€/oT2)p for temperatures smaller than 273 K, shown in Fig. 16 . There exists a minimum in isoth~rrnal valne5: of Ac for temperatures less than 298 K. For 273 K this minimum occurs near 150 MPa and is found at larger pressures as temperature increases. This behavior is probably an artifact arising from the difference of the equation of state for water and Ter Minassian's18 experimental results. .
Bradl and Pitzer Uernat and Franck ______ Helgesorn and Kirkham
EQs.
(1) and (3) Figure 17 shows a lack of agreement between values of (a 2 E/apl)J for T < 360 K calculated from the equa tions of Helgeson and Kirkham 39 and Uematsu and Franck 3 with the range of values derived from experiment. For T < 280 K and p = 0.1 MPa, Eqs. (1) and (3) gave values of (a 2 €/ap2)T which became increasingly negative as T became smaller. This behavior is not an artifact occurring at the edge of the fitted surface. Instead, this behavior occurs because values of (d2plap'~)T calculated from Hill' and (3) for temperatures greater than 850 K should be more accurate than those calculated with Pitzer's Eqs.
(1) amI (2).
After examination of the dielectric constant of water for a smaller range of independent variables than that considered in the pre5:ent work, H~lg~s()n and Kirkharn 39 concluded that" ... (despite its theoretical origins) the Kirkwood equation is not suitable for comprehensive and accurate representation of the dielectric constant and its partial derivatives over the range of pressures and temperatures considered in this study." This has not been our experience.
Effect of Substitution of Different
Equation In this section, a comparison is made of Debye-Hiickel limiting law slopes calculated from 1) Eqs. (1) and (3) using the equation of state with which Eqs. (1) and (3) were fitted to the dielectric constants and 2) an equation of state which was not used in the representation. Figure   18 shows the percentage difference of AI/> calcula.ted using the parameters of Errors in Ac and AK are even larger; differences in Ac become as large as several hundred percent for the combination of large pressures and temperatures near 273 K_ These differences in the Debye-Hiickel limiting law slopes are directly related to differences in p and derivatives of p, such as those shown in Figs. 2 and 3 .
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